The vascular protective effects of placebo, candesartan (1 mg kg À1 per day) monotherapy, candesartan (1 mg kg À1 per day) and amlodipine (1 mg kg À1 per day) combination therapy, and candesartan (1 mg kg À1 per day) and hydrochlorothiazide (HCTZ) (10 mg kg À1 per day) combination therapy for 2 weeks were compared in stroke-prone, spontaneously hypertensive rats. Candesartan monotherapy significantly reduced blood pressure, and both combination therapies were equally and significantly lower than the monotherapy. Acetylcholine-induced vascular relaxation was significantly stronger in all therapeutic groups than in the placebo-treated group. Furthermore, the relaxation was significantly stronger in the candesartan plus amlodipine-treated group than in the candesartan-treated group; however, there was no significant difference between the candesartan-and candesartan plus HCTZ-treated groups. Vascular gene expressions of the NADPH oxidase subunits p22 phox , gp91 phox , NOX1 and NOX4 were significantly attenuated in all therapeutic groups compared with the placebo-treated group, and there were no significant differences among those groups. However, a significant augmentation of vascular superoxide dismutase activity was observed in the candesartan plus amlodipine-treated group, but not in other groups. Malondialdehyde levels in the vascular tissues were significantly attenuated in all therapeutic groups. Compared with the candesartan-treated group, significant attenuation was observed in the candesartan plus amlodipine-treated group, but not in the candesartan plus HCTZ-treated group. Immunohistological analysis showed that areas positive for 4-hydroxy-2-nonenal were significantly reduced in all therapeutic groups, but this reduction was significantly greater for the candesartan plus amlodipine-treated group than for the candesartantreated group. Thus, candesartan and amlodipine combination therapy could have a powerful protective effect in vascular tissues via the reduction of oxidative stress.
INTRODUCTION
Angiotensin II has an important role in increasing blood pressure by stimulating angiotensin II type 1 receptors. Stimulation of these receptors by angiotensin II also induces oxidative stress by activating NADPH oxidase, which results in the augmentation of vascular dysfunction. [1] [2] [3] Therefore, by blocking the binding of angiotensin II to angiotensin II type 1 receptors, angiotensin II receptor blockers (ARBs) not only reduce blood pressure, but they also have a powerful vascular protective effect. 4, 5 On the other hand, angiotensin-converting enzyme (ACE) inhibitors, which work by inhibiting angiotensin II formation, have also been widely used in the clinical setting. Both ACE inhibitors and ARBs have shown greater ability to prevent organ damage than other antihypertensive drugs in clinical studies. 6, 7 However, the degree of blood pressure decrease has also been shown to affect organ protection in hypertensive patients. 8, 9 The Japanese Society of Hypertension's Guidelines for the Management of Hypertension (JSH 2009) recommends combining ARBs with calcium channel blockers (CCBs) or diuretics to lower blood pressure. 10 In the Anglo-Scandinavian Cardiac Outcomes Trial-Blood Pressure Lowering Arm, ACE inhibitor and CCB combination therapy inhibit strokes more effectively than b-blocker and diuretic combination therapy. 11 In the Losartan Intervention For Endpoint reduction in hypertension study, cardiovascular events also appeared to occur less often with a combination of ARB and diuretic therapy than with b-blocker and diuretic combination therapy. 12 Thus, the usefulness of combining a renin-angiotensin system inhibitor with a CCB or a renin-angiotensin system inhibitor with a diuretic has been shown in clinical studies.
In Dahl salt-sensitive rats, ARB and CCB combination therapy has been shown to have a significantly greater preventive effect on cardiac fibrosis than ARB monotherapy, although no additional blood pressure-lowering effect was observed with combination therapy compared with monotherapy. 13 In mice, ARB and CCB combination therapy was more effective than ARB monotherapy for preventing vascular proliferation in cuff-injured arteries, although the two treatments showed no significant difference in blood pressure-lowering ability. 14 In a recent study, ARB and CCB combination therapy was more effective in preventing cuff-induced vascular proliferation in mice than both ARB monotherapy and ARB and diuretic combination therapy, despite providing no significant lowering of blood pressure. 15 These findings suggest the usefulness of ARB and CCB combination therapy, despite the absence of blood pressure reduction. However, it has been unclear which of the combination therapy, ARB plus CCB or ARB plus diuretic, is more useful for preventing vascular dysfunction because both combination therapies cause an additional hypotensive effect compared with monotherapy.
In the present study, we evaluated the vascular protective effects of candesartan (1 mg kg À1 per day, a dose that produces a significant hypotensive effect) as an ARB monotherapy as well as the combination therapies candesartan (1 mg kg À1 per day) plus amlodipine (1 mg kg À1 per day) and candesartan (1 mg kg À1 per day) plus hydrochlorothiazide (HCTZ) (10 mg kg À1 per day). The doses for each combination therapy produced significantly greater hypotensive effects than ARB monotherapy in a preliminary study of stroke-prone spontaneously hypertensive rats (SHR-SP).
METHODS Animals
Eight-week-old male Wistar-Kyoto (WKY) rats and SHR-SP were obtained from Japan SLC (Shizuoka, Japan). All rats were given normal rat chow (F-2, Funabashi Farm, Chiba, Japan). The experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (Animal Research Laboratory, Osaka Medical College, Osaka, Japan).
The SHR-SP were orally administered either a placebo (n¼6); candesartan (1 mg kg À1 per day) (n¼6), candesartan (1 mg kg À1 per day) plus amlodipine (1 mg kg À1 per day) (n¼6), or candesartan (1 mg kg À1 per day) plus HCTZ (10 mg kg À1 per day) (n¼6) by gavage for 2 weeks. The SHR-SP placebotreated group received the same volume of water as the other groups received of vehicle. Systolic blood pressure (SBP) was monitored by tail-cuff plethysmography (BP-98, Softron, Tokyo, Japan) 1 and 2 weeks after the beginning of treatment. WKY rats were used as a normal control. Two weeks after the beginning of the treatment, the rats were anesthetized with 35 mg kg À1 of sodium pentobarbital to obtain blood and tissues.
Renin activity, ACE activity and angiotensin II concentration in blood Plasma was separated from the blood samples by centrifugation at 3 000 g for 15 min at 4 1C. Plasma renin activity (PRA) was determined using an SRL renin kit (TFB, Tokyo, Japan).
Serum ACE activity was measured by incubating the plasma for 30 min at 37 1C with 5 mmol l À1 of hippuryl-His-Leu (Peptide Institute, Osaka, Japan) as the substrate in 100 mmol l À1 of phosphate buffer (pH 8.3) containing 300 mmol l À1 NaCl. 16 One unit of ACE activity was defined as the amount of enzyme required to cleave 1 mmol of hippuric acid min À1 . 16 Serum angiotensin II concentrations were measured using an enzyme immunoassay kit (Peninsula Laboratories, Belmont, CA, USA).
Acetylcholine-induced vascular relaxation in the isolated rat artery
To measure the gene expression and activities of several parameters of the aorta, we immediately froze specimens for enzymatic assessment, and the remaining aorta was fixed for histological assessment. In a previous report, acetylcholineinduced vascular responses in SHR-SP, including acetylcholine-induced vascular relaxation, were the same for the carotid artery and the aorta. 18 Therefore, we used the carotid arteries to evaluate acetylcholine-induced vascular relaxation. Isolated rat carotid arteries were cut into 10Â1.0 mm helical strips and placed on a myograph with a resting tension of 1.0 g in Tyrode's solution (137 mmol l À1 NaCl, 2.7 mmol l À1 KCl, 1.8 mmol l À1 CaCl 2 , 1.1 mmol l À1 MgCl 2 , 0.42mmoll À1 NaH 2 PO 4 , 12mmoll À1 NaHCO 3 and 5.7 mmol l À1 glucose, pH 7.4) at 37 1C and continuously bubbled with 5% CO 2 in O 2 . 4, 17 The strips were vasoconstricted with 50 mmol l À1 KCl and then washed. Acetylcholine-induced relaxation was assessed after contraction to a steady state tension using 1 mmol l À1 norepinephrine. In the present study, we used 0.1 mmol l À1 of acetylcholine, which shows a maximum response between 50 and 80% after contraction to a steady state tension using 1 mmol l À1 norepinephrine, as in our previous studies. 4, 17 These responses provided an easy method for evaluating the differences among the agents.
Real-time PCR
The total RNA (1 mg) of the aorta was transcribed into cDNA with Superscript III reverse transcriptase and random hexamers (Invitrogen, Carlsbad, CA, USA). 5 The mRNA was measured by Real-time PCR on a LightCycler with Roche Diagnostics software (Tokyo, Japan) using TaqMan fluorogenic probes. All primers and probes for Real-time PCR of endothelial nitric oxide synthase (eNOS), p22 phox , gp91 phox , NOX1, NOX4, copper/zinc-containing SOD, manganese superoxide dismutase (Mn-SOD), extracellular SOD and ACE were designed by Roche Diagnostics.
Immunohistochemistry
Fixed aortic tissues were embedded in paraffin, and each block was cut into 3-mm-thick sections. The sections were incubated with 3% H 2 O 2 in methanol to inhibit endogenous peroxidase and then incubated with protein-blocking solution (Dako, Tokyo, Japan) to block non-specific antigens. The sections were incubated with mouse anti-4-hydroxy-2-nonenal (4-HNE) antibody (Nikken Seil, Shizuoka, Japan). 5 A secondary biotinylated anti-IgG antibody (Invitrogen) was used. Sections were visualized using horseradish peroxidase and 3-amino-9-ethylcarbozole as the substrate chromogen (Dako). The nuclei were counterstained with hematoxylin. The immunostain-positive area was quantified with an image analysis system (Model VM-30, Olympus Optical, Tokyo, Japan).
Vascular enzyme activities and malondialdehyde (MDA) levels
The remaining aortic tissue was homogenized in 20 mmol l À1 Na-phosphate buffer, pH 7.4. 16 The homogenate was centrifuged at 15 000 g for 30 min. The supernatant was discarded, and the pellet was resuspended and homogenized in 10 mmol l À1 Na-phosphate buffer, pH 7.4, containing 2 mol l À1 KCl and 0.1% Nonidet P-40. The homogenate was centrifuged at 15 000 g for 30 min, and the supernatant was used for measurements of enzyme activities and MDA levels.
Vascular ACE activity was measured by incubating tissue extracts for 1 h at 37 1C, with 5 mmol l À1 of hippuryl-His-Leu (Peptide Institute) as the substrate in 100 mmol l À1 of phosphate buffer (pH 8.3) containing 300 mmol l À1 NaCl. 16 One unit of ACE activity was defined as the amount of enzyme required to cleave 1 mmol of hippuric acid min À1 .
Vascular SOD activity was measured using a Superoxide Dismutase Assay kit (Cayman Chemical Company, Ann Arbor, MI, USA).
MDA, which is a product of lipid peroxidation in tissue extracts, was measured by incubating tissue extracts for 1 h at 60 1C with 20 mmol l À1 thiobarbituric acid in 0.3 mmol l À1 phosphoric acid. 16 The reaction was terminated by cooling on ice, and the mixture was then centrifuged at 15 000 g for 5 min at 4 1C. The absorbance of the supernatant was recorded at 532 nm.
Protein concentration was assayed with BCA Protein Assay Reagents (Pierce, Rockford, IL, USA) using bovine serum albumin as a standard.
Statistical analysis
Data are expressed as means ± s.e.m. Statistical analyses were performed using a parametric test with Fisher's protected least significant difference. Differences were considered significant when the P value was o0.05.
RESULTS

Blood pressure in SHR-SP
In SHR-SP, the SBPs before the administration of placebo, candesartan, candesartan plusamlodipine and candesartan plus HCTZ were 181 ± 5.1, 181 ± 4.4, 182 ± 2.7 and 182 ± 2.7 mm Hg, respectively; in the age-matched WKY rats, SBP was 119±2.0 mm Hg (Figure 1 ).
SBP was 236 ± 4.1 mm Hg after the final placebo treatment, but it significantly decreased to 186 ± 2.0 mm Hg after candesartan treatment. The SBPs in the candesartan plus amlodipine-and candesartan plus HCTZ-treated groups were 155 ± 5.8 and 150 ± 3.6 mm Hg, respectively; both were significantly lower than in the placebo-and candesartan-treated groups.
Body weight and heart weight Body weight, heart weight and the ratio of heart weight to body weight are shown in Table 1 . The WKY rats were heavier, but there were no significant differences among the SHR-SP groups. The hearts of the placebo-treated SHR-SP tended to be heavier than those of the WKY rats, but the differences were not significant. The hearts weighed significantly less in both the candesartan plus amlodipine-and the candesartan plus HCTZ-treated groups than in the placebo-treated group, but there was no significant difference between the combination-therapy groups.
The ratio of heart weight to body weight was significantly higher in the placebo-treated SHR-SP than in the WKY rats. The ratio was significantly lower in both the candesartan plus amlodipine-and candesartan plus HCTZ-treated groups than in the placebo-treated group, but the differences were not significant.
PRA, serum ACE activity and serum angiotensin II concentration PRA, serum ACE activity and serum angiotensin II concentration after the last treatment are shown in Table 2 . PRA was similar in the WKY rats and the placebo-treated SHR-SP. PRA was significantly higher in the candesartan-, candesartan plus amlodipine-and candesartan plus HCTZ-treated groups than in the placebo-treated group, but the differences among the treatment groups were not significant.
Serum ACE activity was significantly lower in the placebo-treated SHR-SP than in the WKY rats, but no significant differences were observed among the placebo-, candesartan-, candesartan plus amlodipine-and candesartan plus HCTZ-treated SHR-SP.
The serum angiotensin II concentration was not significantly different between the WKY rats and the placebo-treated SHR-SP. Like PRA concentrations, serum angiotensin II concentrations were also significantly higher in the candesartan-, candesartan plus amlodipine-and candesartan plus HCTZ-treated groups than in the placebo-treated group, but the differences among these groups were not significant. significantly lower in the placebo-treated SHR-SP than in the WKY rats and was significantly greater in all candesartan-, candesartan plus amlodipine-and candesartan plus HCTZ-treated SHR-SP than in the placebo-treated SHR-SP (Figure 2a ). Of note, vascular relaxation was significantly greater in the candesartan plus amlodipine-treated SHR-SP than in the candesartan-treated SHR-SP, but no significant differences were found between the candesartan-and the candesartan plus HCTZ-treated SHR-SP (Figure 2a) . The eNOS gene expression in the aorta tended to be higher in the placebo-treated SHR-SP than in the WKY rats (Figure 2b ). eNOS gene expression was significantly higher in all candesartan-, candesartan plus amlodipine-and candesartan plus HCTZ-treated SHR-SP than in the placebo-treated SHR-SP, and it was significantly higher in the candesartan plus amlodipine-treated SHR-SP than in the candesartantreated SHR-SP, but there were no significant differences between the candesartan plus HCTZ-treated SHR-SP and those treated with candesartan alone (Figure 2b ).
Vascular relaxation and eNOS gene expression
Gene expressions of NADPH oxidase subunits in the aorta Gene expressions of the NADPH oxidase subunits p22 phox , gp91 phox , NOX1 and NOX4 in the aorta were significantly increased in the placebo-treated SHR-SP compared with the WKY rats ( Figure 3 ). All gene expressions were significantly lower in the candesartan-, candesartan plus amlodipine-and candesartan plus HCTZ-treated SHR-SP than in the placebo-treated SHR-SP, but there were no significant differences among the monotherapy and combination therapy groups (Figure 3) . SOD activity and gene expression in the aorta SOD activity in the aorta was significantly lower in the placebo-treated SHR-SP than in the WKY rats (Figure 4a ). There was no significant difference in SOD activity between the placebo-and candesartantreated SHR-SP or between the placebo-and candesartan plus HCTZtreated SHR-SP. However, SOD activity was significantly higher in the candesartan plus amlodipine-treated SHR-SP than in the placebotreated SHR-SP (Figure 4a) . copper/zinc-containing SOD gene expression in the aorta was not significantly different among the groups (Figure 4b ). Mn-SOD gene expression, however, was significantly lower in the placebo-treated SHR-SP than in the WKY rats, but it was significantly higher in the candesartan plus amlodipine-treated SHR-SP than in the placebotreated SHR-SP (Figure 4c ). There were no significant differences among the placebo-, candesartan-and candesartan plus HCTZtreated SHR-SP. Although extracellular SOD gene expression was not significantly different between the WKY rats and the placebotreated SHR-SP, it was significantly higher in the candesartan plus amlodipine-treated SHR-SP than in the placebo-treated SHR-SP (Figure 4d ).
Immunohistochemistry of 4-HNE and MDA levels in the aorta
To evaluate the products of oxidative stress, the 4-HNE-positive area in the media of the aorta was evaluated (Figure 5a ). This area was small in the WKY rats, but was much larger in the placebo-treated SHR-SP. Although 4-HNE-positive areas were also observed in the candesartan-, candesartan plus amlodipine-and candesartan plus HCTZ-treated SHR-SP, they were clearly smaller than in the placebo-treated SHR-SP. The ratio of the 4-HNE-positive area to the total area in the media of the aorta was significantly higher in the placebo-treated SHR-SP than in the WKY rats (Figure 5b ). Significant attenuation in the ratio was observed in the candesartan-, candesartan plus amlodipine-and candesartan plus HCTZ-treated SHR-SP compared with the placebo-treated SHR-SP (Figure 5b) . Furthermore, the ratio was significantly lower in the candesartan plus amlodipinetreated SHR-SP than in the candesartan-treated SHR-SP, but no significant difference between the candesartan-and candesartan plus HCTZ-treated SHR-SP was observed (Figure 5b) .
The MDA level in the aorta was significantly higher in the placebotreated SHR-SP than in the WKY rats (Figure 5c ). Significant attenuation in the MDA level was observed in the candesartan-, candesartan plus amlodipine-and candesartan plus HCTZ-treated SHR-SP compared with the placebo-treated SHR-SP (Figure 5c) . A significant attenuation of MDA level was also observed in the candesartan plus amlodipine-treated SHR-SP compared with the candesartan-treated SHR-SP (Figure 5c ).
Activity and gene expression of ACE in the aorta ACE activity in the aorta was significantly higher in the placebotreated SHR-SP than in the WKY rats, and a vascular ACE gene expression was significantly augmented in the placebo-treated SHR-SP compared with the WKY rats ( Figure 6 ). Both the activity and gene expression of ACE were significantly lower in the candesartan plus amlodipine-treated SHR-SP than in the placebo-treated SHR-SP, but there were no significant differences among the placebo-, candesartan-and candesartan plus HCTZ-treated SHR-SP ( Figure 6 ).
DISCUSSION
The present study aimed to evaluate the vascular protective effect of combination therapy with ARB plus CCB or ARB plus a diuretic, as both combination therapies have been shown to have a greater hypotensive effect than ARB monotherapy. In this study, the SBP in 8-week-old SHR-SP was shown to be about 180 mm Hg before treatment, but it increased to more than 230 mm Hg in the placebo-treated group after the last treatment. In the candesartan-treated group, SBP was significantly lowered to 186 mm Hg. In the candesartan plus amlodipine-and candesartan plus HCTZ-treated groups, SBP was further significantly lowered to 156 and 150 mm Hg, respectively, although there was no significant difference between the two groups. However, acetylcholine-induced vascular relaxation was significantly attenuated by monotherapy and both combination therapies, and greater attenuation than with monotherapy was observed with candesartan and amlodipine combination therapy. The vascular relaxation with candesartan and HCTZ combination therapy tended to be lower than with candesartan monotherapy, but no significant difference between these therapies was found. This suggests that combination therapy with candesartan and amlodipine could have a greater vascular protective effect than combination therapy with candesartan and HCTZ because equal, additive hypotensive effects were observed with these combination therapies.
In the present study, the sodium nitroprusside-induced vascular relaxation was not significantly different among all groups (data not shown), and the endothelial dysfunction could be directly affected by nitric oxide bioavailability. However, the reduced nitric oxide bioavailability may be related to increased oxidative stress rather than decreased eNOS gene expression. In the present study, we did not observe a significant difference in eNOS gene expression between the WKY rats and placebo-treated SHR-SP. In the present study, as in previous studies, eNOS gene expression tended to be higher in SHR-SP than in WKY rats, and it was not commensurate with endothelial dysfunction. 17, 19 Therefore, factors in addition to eNOS gene expression may be related to endothelial dysfunction in SHR-SP. However, we also observed that the eNOS gene expression was significantly higher in the monotherapy and the combination therapy groups than in the placebo group, but the degree of expression was significantly greater with candesartan plus amlodipine combination therapy than with candesartan monotherapy. The greater improvement of endothelial dysfunction with the candesartan plus amlodipine combination therapy may be partly due to the combination therapy's augmentation of eNOS gene expression.
The greater vascular protective effect from combination therapy with candesartan plus amlodipine compared with candesartan plus HCTZ might be related to the degree of oxidative stress attenuation.
Vascular gene expressions of NADPH oxidase subunits were significantly augmented in the placebo-treated group. Various stimuli, such as angiotensin II and stretch, acutely activate the NADPH oxidase in vascular smooth muscle and endothelial cells. 20 Furthermore, pathophysiological stimuli such as angiotensin II can also increase the expression of several NADPH oxidase subunits, further promoting reactive oxidative species (ROS). 21 An increase in NADPH oxidase activity is closely related to oxidative stress caused by angiotensin II in the vascular tissue of hypertensive rats, and the oxidative stress caused by NADPH oxidase has an important role in the development and progression of vascular remodeling. [22] [23] [24] In the present study, the gene expressions of NADPH oxidase subunits in SHR-SP were strongly attenuated by candesartan monotherapy, and no significant additional attenuation was observed with combination therapies. The dose of candesartan used in the present study might have produced a sufficient attenuating effect of gene expressions of NADPH oxidase subunits. A recent study reported that ARB and CCB combination therapy significantly attenuated vascular ROS promotion in cuffinjured arteries when compared with ARB monotherapy in mice, although ROS promotion was not attenuated by ARB monotherapy. 15 In that study, not all ARB monotherapy and ARB and CCB combination therapy doses affected the blood pressure significantly when compared with the control group. 15 Therefore, the additional attenuation of ROS promotion from each combination therapy might be limited when the ARB monotherapy dose that showed a significant hypotensive effect was used because strong attenuation of gene expressions of NADPH oxidase subunits was observed even with ARB monotherapy.
On the other hand, vascular SOD activity was significantly attenuated in the placebo-treated SHR-SP when compared with the WKY rats, but only candesartan plus amlodipine combination therapy produced significant SOD activity augmentation in SHR-SP. CCBs, including amlodipine and nifedipine, has been shown to augment SOD levels in cultured endothelial cells. 25, 26 Superoxide anion produced by NADPH oxidase is known to be scavenged by an antioxidant enzyme, SOD, and SOD activity augmentation is known to diminish vascular oxidative stress as part of the antioxidant defense system. 27, 28 Fukuo et al. 26 reported that nifedipine induced Mn-SOD gene expression in vascular smooth muscle cells. In the present study, candesartan and amlodipine combination therapy showed significant augmentation of Mn-SOD and extracellular SOD gene expressions, but other therapies did not. The upregulation of Mn-SOD and extracellular SOD gene expressions by candesartan and amlodipine combination therapy may be partially involved in vascular SOD activity augmentation. Moreover, the vascular MDA level and 4-HNE-positive area, both of which are products of lipid peroxidation, were also better attenuated by candesartan and amlodipine combination therapy than candesartan monotherapy, but they were not affected by candesartan and HCTZ combination therapy. Endothelial dysfunction in hypertension is characterized by the reduced bioavailability of nitric oxide, and reduced nitric oxide bioavailability is involved in augmentation with superoxide anion. 29 An imbalance between oxidants and antioxidants, resulting from excessive ROS production and an insufficient antioxidant defense system, promotes endothelial dysfunction. 30, 31 Therefore, the superior effect of candesartan plus amlodipine combination therapy compared with candesartan monotherapy might be related to the augmentation of vascular SOD activity by the combination therapy.
In the present study, significant vascular ACE activity augmentation was observed in the placebo-treated SHR-SP when compared with the WKY rats. Previous reports have shown that vascular ACE activity was increased in SHR-SP, and the same phenomenon was observed in the present study. 4, 5 The increased ACE activity might augment bradykinin degradation along with angiotensin II formation, thereby inducing additional oxidative stress and further impairing endothelial function. Surprisingly, in the present study, candesartan plus amlodipine combination therapy attenuated increased vascular ACE activity and its gene expression in SHR-SP, but neither candesartan monotherapy nor candesartan plus HCTZ combination therapy had the same effect. We did not confirm whether amlodipine monotherapy attenuated ACE activity in the SHR-SP in the present study; however, Toba et al. 32 demonstrated that amlodipine, but not hydralazine, attenuated the increase of both vascular ACE activity and its gene expression in N o -nitro-L-arginine methyl ester-induced hypertensive rats, despite producing the same hypotensive effects as amlodipine and hydralazine. In N o -nitro-L-arginine methyl ester-induced hypertensive rats, Usui et al. 33 reported that antioxidant drugs attenuated not only the increased oxidative stress, but also the induced vascular ACE activity. Kataoka et al. 34 also demonstrated that amlodipine significantly attenuated N o -nitro-L-arginine methyl ester-induced increases in oxidative stress and vascular ACE activity in rats. Furthermore, in cholesterol-fed rabbits, amlodipine significantly attenuated aortic ACE activity and enhanced the SOD activity. 35 These reports suggest that oxidative stress augmentation induces vascular ACE activity and that amlodipine may be useful for attenuating vascular ACE activity via the reduction of oxidative stress by SOD activity augmentation. We could not evaluate the angiotensin II levels in the vessels and did not determine whether candesartan and amlodipine combination therapy reduced vascular angiotensin II levels. Vascular angiotensin II levels have been related to vascular ACE activity in various experimental models. 36, 37 Therefore, the vascular protective effect of candesartan plus amlodipine combination therapy may involve reducing the vascular angiotensin II level. This needs to be clarified in a future study.
In conclusion, candesartan plus amlodipine combination therapy produced powerful oxidative stress reductions by attenuating NADPH oxidase and augmenting SOD. It also had a strong vascular protective effect in SHR-SP. Thus, adding amlodipine to candesartan monotherapy to produce an additive hypotensive effect may provide powerful vascular protection.
